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SUMMARY 


Zero-length, slotted-lip inlet performance and associated fan blade 
stress levels were determined from model tests using a 20-inch diameter fan 
unit installed in the NASA-Lewis Research Center (LeRC) 9- by 15-foot low 
speed wind tunnel. The model is a half-scale axisymmetric representation of 
the inlet designed by the Lockheed-California Company for a horizontal fixed 
nacelle installation on a subsonic V/STOL aircraft. The model configuration 
variables included slat contraction ratios of 1.2 and 1.3, slot-gap widths; 
ranging from zero to 0.65 inches, constant area sections between the inlet 
throat and fan face having lengths of 2 and 4 inches, and slot-gap fillers to 
simulate the zero gap configuration as well as 90 degree sectors over which 
the slot is ineffective for simulating a Siamese nacelle installation. 

The model tests v/ere conducted at tunnel speeds up to 105 knots (Mq = 
0.16), at angles of attack up to 120 degrees at 35 knots and 70 degrees at 
105 knots and at fan speeds up to 95 percent of the design speed, sufficient 
to cover most of the estimated operating envelope for the V/STOL application. 
Instrumentation was provided to measure the fan face total pressure recovery 
and distortion, the inlet surface static pressure distributions, -and fan blade 
stress levels for all conditions tested. 

The following results were obtained during the tost. 

• The zero-length, slotted-lip inlet operated completely satisfactorily 
over the V/STOL operating envelope, providing a flow to the fan having 
total pressure recoveries of no less than 0.995 and with distortion 
levels resulting in insignificant fan blade stress levels. This 
envelope includes crosswind velocities up to 35 knots at 120 degrees 
angle of attack and forward speeds of 105 knots at 30 degrees angle of 
attack. At the 105 knot forward speed, the 1.2 and 1.3 contraction 
ratio slats were capable of operating up to 57 and 66 degrees angle 
of attack, respectively, prior to producing a flow separation profile 
at the fan face. 
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• At high angle-of-attack conditions the total pressure recovery of the 
airflow through the slot Is uniform across the slot width, due to 
area convergence through the slot, and also uniform circumferentially 
around the inlet due to compensating effects of reduced slot flow rate 
and increased pressure loss coefficients as the angular displacement 
from the windward side of the nacelle increased. 

• For the zero-length configuration significant radial and circum- 
ferential flow velocity gradients existed at the inlet throat/fan 
face at high angles of attack but were shown to have little effect 
on the fan performance (i.e., fan pressure ratio at a given value 
of corrected airflow). 

• A slot-gap width of 0.36 inches (width to throat diameter ratio of 
0.018) provided the highest total pressure recovery at high angles 
of attack. This gap dimension resulted in slot flows whereby the 
external slat and cowl lip surfaces have an equal pressure loading. 

At the maximum crosswind design condition of 35 knots and 120 degrees 
angle of attack, the slot improved the total pressure recovery by 
almost 2 percent compared to the unslotted configuration for the 

1.2 contraction ratio slot and almost 1 percent for the 1.3 contrac- 
tion ratio slat. 

• At the maximum fan airflow (fan face Mach number of 0.52 which corre- 
sponds to 95 percent of design speed) the throat/fan face spacer 
provides no benefit in performance, although the velocity distortions 
at the fan face are reduced with increasing spacer length. At lower 
airflows (part power operation) and high model angles-of-attack, the 
reduced pumping action of the fan slightly degrades the total pressure 
recovery with no .spacer installed. 

• Installation of the slot fillers to simulate an Ineffective slot gap 
over a 90 degree circumferential sector due to the proximity of an 
adjacent nacelle has virtually no effect on inlet performance. 

• Calculated inlet surface velocities from measured static pressures 
show good agreement with velocities predicted from potential flow 
analysis. 
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INTRODUCTION 


A conventional inlet can be designed for a fixed horizontal nacelle 
V/STOL aircraft which has sufficient internal contraction for preventing 
internal flow separation at the low speed, high inlet angle-of-attack condi- 
tions. However, application of a conventional inlet to such a propulsion 
system often results in an inlet face location which tends to restrict the 
pilot’s view during vertical flight operation. Attempts to alleviate this 
situation by reducing the inlet diffuser length requires that the maximum 
nacelle diameter be increased. The reason for this being that, for the 
same internal contraction ratio and the same conical diffusion angle, the 
highlight diameter increases as the diffuser length is decreased. Thus, in 
order to maintain sufficient forebody projected frontal area to achieve the 
required drag divergence Mach number, the maximum nacelle diameter must in- 
crease with a reduction in diffuser length. 

A potential solution to this problem is to use a slotted-lip inlet. This 
inlet contains blow-in doors, located in the inlet forebody, which open during 
high mass-f low/angle-of-attack operating conditions, thus permitting airflow to 
enter the inlet just upstream of the inlet throat. This effectively increases 
the inlet aerodynamic contraction ratio and decreases the peak surface Mach 
number in the highlight region compared to that which would be obtained for a 
conventional inlet with the same geometric contraction ratio. Thus, the slot 
permits use of a lower geometric contraction ratio compared to that which 
would be required for a conventional inlet for the same peak surface Mach num- 
ber. This reduction in geometric contraction ratio in turn permits a reduction 
in diffuser length while maintaining a maximum nacelle diameter which does not 
exceed that required based on engine/accessory envelope constraints. 

Additional beneficial features associated with the reduced length of the 
slotted-lip inlet include reduced weight and a reduced moment arm for the 
crosswind lip forces. The latter feature reduces the amount of thrust vector- 
ing required to achieve required yaw acceleration rates. However, reducing 
the diffuser length may produce increased fan blade stresses due to fan face 
flow velocity gradients at the high angle-of-attack operation. 

A test program was conducted in the NASA-LeRC 9- by 15-foot low speed wind 
tunnel to evaluate the overall performance of a zero-length, slotted-lip inlet 
concept and to establish operating limits of the inlet relative to the estimated 
velocity/angle-of-attack envelope for the fixed nacelle V/STOL aircraft. The 
aerodynamic design of the model is representative of the nacelle inlet result- 
ing from configuration studies conducted by the Lockheed-Calif ornia Company 
for the NAVY Type A V/STOL aircraft, and was sized for installation on the 
NASA-LeRC 20-inch diameter fan unit. The test was conducted by NASA-LeRC per- 
sonnel in August 1980. 
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This rei)ort presents a detailed description of the wind tunnel model 
test program. The test facility and procedures are discussed first followed 
by a description of the modei and associated instrumentation. The test 
results are presented and discussed for a baseline configuration and then 
relative to the effects on performance of each of the configuration changes. 
Conclusions regarding the ang le-to-attack capability of the inlet and the 
application of this concept to subsonic aircraft are made. 
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TEST FACILITY AND PROCEDURES 


Test Facility 

The inlet test discu.ssed herein was conducted in the NASA-LeRC 9'* by 
15- foot low speed wind tunnel. This facility operates at atmospheric total 
pressure with a test section Mach number range of zero to 0.22. A 20“inch 
diameter, turbine-driven, single-stage fan was used to produce the inlet 
mass f 1 ow . 

A photograpli of the inlet/fan installation in the test section is shown 
in figure 1. The model rotates in a liorizontal plane cibout a vertical support 
post which also provides a passage for the heated, high-pressure, turbine 
drive air. A portion of the wind tunnel vertical wall adjacent to the model 
was removed to allow the fan and turbine exhaust flows to pass through the 
wind tunnel during high angle-of -attack conditions. 

The turbine-driven fan was designed to simulate the relatively low 
pressure ratios representative of subsonic V/STOL aircraft having shaft- 
coupled engines. At the maximum tested fan speed of 7800 rpm, the fan 
pressure ratio is approximately 1.15 and the associated fan tip Mach number 
is 0.6. The fan has 15 rotor blades and 25 stator blades with a rotor- 
stator spacing of approximately one rotor tip chord length. The rotor blades 
have circular arc airfoil sections with no midspan dampers and were tested 
with the blade pitch set at the design angle. The rotor blades were fabri- 
cated from a titanium alloy. 

More detailed information regarding the aerodynamic characteristics of 
the fan can be found in reference 1. 


Test Procedures 

The tunnel velocity /angle-of-at tack test matrix originally scheduled for 
each model configuration was representative of the operational envelope for 
a fixed horizontal nacelle V/STOL aircraft application. Since the performance 
capability of the inlet was unknown, and the primary concern was to not exceed 
the fan blade stress limits, a zero angle-of-attack setting was tested first, 
followed by incremental increases until the envelope was covered. For each 
test point, (tunnel speed cind angle of attack), the engine speed was increased 
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ISIMUUTOR AFTBODY! 


Figure 1. - Zero-length, slotted-llp inlet installed in NASA LeRC 9x15 foot low speed wind tunnel. 




t rom idle to ninxlimim rpm (approxlma I e ] y 2()00““78()()).'mcl then returned to idle* 

At selected rpm levels all model pressure and tunnel data were recorded. 

During each rpm excursion, measured fan blade stresses and three selected 
model pressures were visually monitored through use of X-Y plotters to deter- 
mine when flow separation from the inlet surface occurrcid and to ensure that 
the fan stress limits were not exceeded. To recognize flow separation effects, 
two fan face total pressure probes referenced to the wall static, were recorded 
on the plotter. These probes were located 0.03 and 0.36 inches from the duct 
wall at the critical zero degree circumferential location. As the rpm 
Increased the resulting dynamic pressure (P^-P) measurement increased until 
separation occurred, as observed by a dramatic loss in dynamic pressure 
and movement of the stylus on the X-Y plotter, A typical plot is shown in 
figure 2. Upon realization that no flow separation was observed for the 
angles of attack associated with the V/STOL envelope, tlie test matrix was 
expanded to include higher angles. Once separation occurred, the angle was 
U(U increased further. 
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MODEL DESCRIPTION 


Tlie aerodynamic design of the axlsymmetric zero-length, slotted-lip inlet 
model is representative of the inlet configured by the Lockheed-California 
Company for a subsonic V/STOL aircraft. The inlet throat coincides with the 
fan face (zero length). Hinged spring loaded blow-in doors are located in the 
external forebody surface and extend around the inlet periphery. At static 
and low speed operating conditions, the reduced internal static pressure sucks 
these doors open, providing an auxiliary flow path (slot) for the engine air- 
flow. At higher forward speeds (approximately greater than 0.2 Mach number) 
the static pressure differential (external surface minus internal throat) 
becomes positive and the doors close for normal flight operation. 

Since the tests were designed to obtain low-speed performance data (up 
to 105 knots), the model configuration simulated the full scale design with 
the doors in tlie open position. In this open position a secondary (cowl) lip 
is exposed and a forward slat section is formed around the inlet circumfer- 
ence. Six circumferential struts were provided to attach and support the 
slat to the cowl. These struts are circular to allow fore and aft movement 
of the slat to vary the slot width. The support struts can be seen in the 
photograph of the model installed in the wind tunnel, figure 3. 

The overall dimensions of the inlet model are defined in figure 4 for a 
selected baseline configuration. The throat diameter of 20.008 inches matches 
tlie existing LeRC fan tip dimension and represents a half-scale model of 
the V/STOL aircraft. The internal area contraction ratio (A|.||^/Ay) of the two 
slats tested are 1.2 and 1.3, while for the secondary cowl lip this value is 
1.12. The hub diameter of 9.20 inches results in a fan hub/tip diameter ratio 
of 0.46, The dashed line in the figure represents the external contour of 
the blow-in door and this same contour is used for the cowl forebody surface 
representing the door in the open position. 

The configurations tested during the program are identified, schematically 
in figure 5 and include primarily variations in slat contraction ratio and 
slot gap width. In addition, constant area duct spacers, shown in the photo- 
graph of figure 6, having lengths of 2 and 4 inches were installed to investi- 
gate the effect on performance of moving the inlet throat forward of the fan 
face. Furthermore, slot gap ^fillers” were fabricated such that either the 
entire slot (360 degrees circumferentially) or only a 90 degree sector could 
be eliminated. The photograph in figure 7 shows the 90 degree filler 
installed. 

The baseline design configuration was selected based on analytically 
predicted pressure distributions on the inlet surface. Using these data and 
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SUT SUPPORT STRUT 


Figure 3. - Photograph of inlet model - side view, 
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Configuration variables 

1 Slat type, contraction ratio 1.2, 1.3 

2 Slat position, slot gap width zero, 0.25 to 0.65 inches 

3 Inlet spacer, zero, 2 In., 4 in. 

4 90 Degree filler, angle of attack simulation 45—135° 

5 90 Degree filler, crosswind simulation 135-225° 

6 360 Degree filler, zero slot simulation 


Figure 5. - Inlet model test and configuration variables. 



Operating variables 

Vq - Tunnel velocity 
a - Inlet angle of attack 
W - Fan airflow 
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Figure 6. - Inlet model photograph showing spacer and slot rake. 
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a Tnaximum allowable surface Mach number of 1.4 as suggested in reference 2, 

It was determined that a slat contraction ratio of 1.2 and slot gap width of 
0.51 inches would satisfy the critical operating conditions for the inlet. 

Coordinates describing the inlet forebody shape are presented in figure 8 
for the 1.2 contraction ratio slat in the most forward position. Above the 
highlight and extending to the maximum diameter the external contour is basic- 
ally a Lockheed developed LMSC-l profile designed for high speed operation. 
Below the slat highlight the outside contour is circular. To avoid a discon- 
tinuity in slope at the intersection of these profiles the circular section of 
the lower contour was extended slightly above the highlight, intersecting the 
LMSC-l contour at the same value of surface slope. The inside contour of the 
slat (slot side) is a parabolic section above the highlight and a double cir- 
cular arc below the highlight. This contour was developed to provide a uni- 
formly converging area distribution for the slot airflow. At the slat leading 
edge a radius of approximately 0.06 inches was used to accommodate changes in 
location of the stagnation point at the various operating conditions. The 
slat internal trailing edge surface was directed aft toward the fan to turn 
the slot flow toward the fan and provide a pressure gradient to keep the flow 
attached to the lip. 

The cowl contour is in part identical to the external door profile, 
rotated approximately 21 degrees. A lemniscate shape is utilized from the 
end of the door to the inlet throat, matching slopes at all intersections. 


The alternate slat has a contraction ratio of 1.3 and is also circular 
below the highlight. Above the highlight to the maximum diameter an LMSC-l 
contour is used. To maintain the same maximum cowl diameter the contour at 
the highlight tor the 1.3 contraction ratio slat results in a somewhat sharper 
turn compared to the 1.2 contraction ratio slat. The coordinates describing 
slat-2 are presented in figure 9 along with a graphic comparison with slat-1. 

To vary the slot-gap width at discrete positions, with assurance of high 
accuracy when repeating the setting, grooves were provided in the slat struts 
at appropriate locations and set screws inserted into the grooves firmly 
anchored the strut /slat. These locations and the resultant slot gap widths are 
shown in figure 10. Also illustrated schematically in the figure is the 
installation of the filler sections. These blocks were sized to eliminate the 
slot for the gap width of 0.51 inches and were fabricated in separate inside 
and outside pieces for easy installation. 
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MODEL INSTRUMENTATION 


Sufficient total and static pressure instrumentation was installed on 
the model to evaluate the inlet overall performance and to investigate the 
flow patterns into the inlet thereby gaining some insight as to the effects 
on performance of the various configurations changes and operating conditions. 
The measure of overall performance of the inlet was the total pressure recovery 
and distortion at the fan face - the recovery causing engine thrust losses and 
thus affecting the engine and aircraft sizing, and the total pressure distor- 
tion dictating the limits of safe operation of the fan relative to blade stress 
criteria. 

To determine the fan face total pressure, six evenly spaced total pressure 
rakes having 19 probes each, were located immediately upstream of the fan face 
station. The 19 probes in each rake were distributed between the fan hub and 
tip (wall), as shown in figure 11 along with the appropriate dimensions. Also, 
a typical rake is shown in the photograph previously presented in figure 7. 

The outermost probes were sufficiently close to the wall to measure flow sep- 
aration occurring on the slat and/or cowl lips. Also shown in figure 11 is 
the fraction of fan face cross-sectional area identified with each probe and 
subsequently used for calculating the area-weighted total pressure recovery. 
Furthermore, the radial location of the two stream statics installed in each 
rake and used to define the fan face flow static pressure profiles are shown. 

To measure the fan blade stress levels resulting from the inlet flow, six 
strain gauges were mounted on three separate fan blades (two per blade) as 
shown in figure 12, During each test run the output from the root gauge at 
position 2 in figure 12 was continuously monitored as the fan speed was 
increased with an X-Y plotter to assure that the fan was not over-stressed. 

To measure the slat/cowl surface pressures during each run, static 
pressures orifices were installed. The bulk of these taps were provided at 
the zero degree circumferential location which is critical relative to the 
tunnel flow at model angle of attack conditions. Figure 13 identifies the 
location of each tap. Also the taps were more heavily distributed in regions 
where flow separation is more likely to occur (i.e. , below the highlight of 
the slat and cowl lip). 

With the throat/fan face spacers installed, wall circimiferential static 
pressures were measured by taps located as shown in figure 14. To measure the 
slot flow total pressures, three rakes were mounted from the cowl lip at the 
angular locations shown in figure 15. These rakes were displaced 5 degrees 
from the fan face total pressure rakes to avoid interference with the rake 
readings. Each rake consisted of five probes extending a distance from the 
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Figure 13. - Slat/cowl surface static pressure tap locations 
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wall sufficient to accommodate the largest slot width, i.e., with the slat in 
the most forward position. With the slat retracted, the outer probes that 
would be in the wake of the slat flow were cut off. 

The fan exit total pressures were measured by five total pressure rakes 
as shown in figure 16. Each rake consisted of ten probes located radially 
as shown in the figure. These pressures were area weighted and the values 
ratioed to the fan inlet area weighted pressures to establish the fan pressure 
ratio. 

All model and tunnel pressures were measured by a series of nine 48- 
channel scanivalves, each having a separate calibrated transducer. The fan 
face rake total pressures (114 measurements), from which the recovery and 
distortion levels are established, were divided between four of these scani- 
valves. To assure data accuracy and consistency, each of the calibrated trans- 
ducers associated with these four scanivalves also measured the tunnel total 
pressure (from the same tunnel probe). These data were used to calculate the 
local to tunnel total pressure ratio (P^/P ) of each probe of the appropriate 

scanivalve. 
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DATA REDUCTION PROCEDURES 


A description of the methods used to calculate the performance data pre- 
sented in this report is described below. 


Inlet/Fan Airflow Rates 


The fan airflow rates presented herein are based on correlations of the 
NASA-LeRC fan face rake against a calibrated bellmouth. The calibration 
reflects the true flow rate as a function of the rake integrated values from 
total and static pressure measurements, which is approximately 6 percent 
higher than the integrated value. To obtain corrected weight flows based on 
the total pressure and temperature at the fan face, the standard procedure is 
used , 1 . e. , 

W/0 W (T2/To)^ 

where T^^ and are the reference sea level values. Also, the inlet weight 
flow (or mass flow) ratioed Co the choking value through the inlet net area is 
calculaCed by. 


W/O I 
10 _ (S ^ A 

(0* “ /w/oA* 

\6A ) 


(ax) ~ ^9.41 Ib/sec/sq ft 


Fan Face Total Pressure Recovery 


For comparison, several methods were used in the data reduction program 
at NASA-LeRC to calculate fan face total pressure recovery - including a mass- 
average, area-weighted average, equal area average, and a simple arithmetic 
average. The area-weighted method is considered to be the most correct (and 
also the lowest recovery) and was used in this report. It is defined as follows. 
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where are the individual probe measured total pressures and where dAj^ j 

is the incremental area associated with each probe, as listed in figure 11.’ 


Total Pressure Distortion 


Three total pressure distortion parameters (i.e., NDI, KD2, and K0) that 
have been utilized for various production engines configurations in the past 
have been evaluated from the measured fan face total pressure. These para- 
meters have been developed by the appropriate engine manufacturers and are 
intended to correlate resulting distortion patterns to allowable engine operation. 

The General Electric procedure for calculating the NDI distortion 
parameter is as follows: 


= Total annulus area 

(1.5% outer diameter excluded) 


A 


outer 


■ 


= Area weighted P^ in A^ 
^’Tmax ° Maximum in 

^TmIN " Minimum in 




= Portion of A^ which is con- 
tinuous where measured 
pressures are less than P^ 


A 


TL 


^TmiN 




= Portion of A_ in A ^ 

L outer 

= Area weighted P^ in A^ 

= Radial profile index = 2 


Procedure: Divide annulus into 180 equal area segments (10 rings, 18 sectors) 

interpolate rake data to obtain total pressure for each segment. 
Perform the following calculations for each continuous low 
pressure region. 
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E = 2 A, /A^ 
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NDmax “ maximum ND calculated for all low pressure regions 


NDI = ND 
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The Pratt and Whitney procedure in calculating the KD2 distortion 
parameter is outlined below: 

For each instrumentation ring 

P^ = Average over ring 

= Angular extents where 
P^ is less than P^ 

p = Minimum for each extent 

\,MIN 




K,MIN 


0 


K 



100 X MAX 



PERCENT 



Sum for each ring 


KD2 



(f) 


The Pratt and Whitney procedure for calculating the K0 distortion parameter is 
outlined below: 


KO = 


E 


ring 




^ ^ring 
Dring 


ring = 1 


^ring 

Dring 


where 

J = number of total rings which is equal to number of probes 
per rake 


luring = diameter of the ring or radial probe 
^'^ring = ring area weighting factor 


P = face average total pressure 
T 

qy/ P^ = dynamic head/average total pressure 


(A-1) 


To define the term 



a more detailed explanation is required. 


In general, the circumferential distribution of total pressure at a given 
radius can be presented by a Fourier series. A particularly useful 
form of such an expression is: 


Pt 
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00 



n = 1 


(a cos n6 + b_ sin n0) 
n n 
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where 


>n- - f - 
" ’ J P. 


(0) COS n0 d0 


-7T 


, . i f J. 

n TT y P 
-n T 


(0) sin n0 d0 


If we define A _ ••/ then the series can be written as; 

n ~ y n n 


~7 — = ^ '' A sin (n0 + (}> ) 

•S' 2 ^ n ^n' 


P 2 

n = 1 


Thus defining I 2 j as being the largest value of this expression for the 

\ N /max 

sine series representation of the data. 


Flow Velocity Distortion 


At high inlet angles of attack a nonuniform static pressure profile exists 
at the throat/ fan face for a zero-length inlet. This distribution reults in a 
corresponding inlet flow velocity distortion (i.e., potential flow distortion) 
even though a uniform no loss total pressure profile may exist. The velocity 
IS calculated at each probe from the measured total pressure and the static 
pressure profiles defined by a linear variation of the two stream static 
pressures measued in each rake, as follows; 


t^ j = measured total pressure of each probe 

^ = interpolated stream static at each probe location 
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The measured surface static pressures presented in the report are 
normalized with freestream total pressure, i,e. P/P^^. From these data the 
local surface Mach number and velocity are calcuated from the compressible 
flow relationships previously used in calculating flow velocity distortion. 
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RESULTS AND DISCUSSION 


General Discussion 


This section presents the overall performance of the zero-length, slotted- 
lip inlet configuration and appropriate discussions of the test data. The 
section is structured, as outlined in figure 17, to present initially the per- 
formance of the design baseline configuration including effects of forward 
speed and model angle of attack. Subsequent to the discussion of these data, 
the effects on performance of each of the configuration variables tested are 
presented - slat contraction ratio, slot-gap width (slat fore and aft posi- 
tion), inlet throat/fan face spacer, and the 90 degree slot gap fillers. 
Finally, estimated angle-of-attack bounds based on flow separation are pre- 
sented and slat /cowl surface velocities, calculated from measured static 
pressures, are compared to those predicted by potential flow analysis. 


Baseline Configuration Performance 


The baseline configuration, ns described in the model description section, 
was selected as being the most likely to meet the design operating require- 
ments of a subsonic V/STOL aircraft. This configuration has a slat contraction 
ratio of 1.2, a slot-gap width of 0.51 inches, and no inlet throat/fan face 
spacer. Within the limits of allowable flow distortion and fan blade stress 
levels, the measure of quality of the inlet flow is the total pressure recov- 
ery. Degradations in this parameter through friction and separation losses 
reduce the available engine net thrust. For the V/STOL aircraft, where lift 
at take-off is derived totally from engine thrust, this results in a direct 
increase in engine size and therefore, aircraft gross weight. 

For the baseline configuration, the fan face total pressure recovery for 
all conditions tested is presented in figure 18 as a function of inlet airflow 
(or mass flow) ratio. This flow parameter is the ratio of the inlet airflow 
to the quantity necessary to choke the inlet area (i.e., maximum airflow) and 
is shown in relation to the throat Mach number and absolute corrected airflow 
in figure 19. 

Figure 18 shows that except for the low airflows tested (representing 
engine idle operation), the lowest recovery measured was 0.988; this occurring 
at 105 knots tunnel speed and a model angle of attack of 60 degrees. Also 
shown in this figure are the flow total pressure distortion levels as calcu- 
lated from the KD2 parameter. The distortion levels are consistent with the 
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BASELINE CONFIGURATION 

PERFORMANCE SUMMARY 
EFFECT OF FORWARO SPEED 
EFFECT OF ANGLE OF ATTACK 

EFFECT OF FLOW VELOCITY DISTORTION ON FAN PERFORMANCE 
EFFECT OF SLAT CONTRACTION RATIO 
EFFECT OF SLOT GAP WIDTH 
EFFECT OF THROAT/FAN SPACER 
EFFECT OF 90° SLOT FILLERS 

FLOW SEPARATION AND INLET OPERATING ENVELOPES 
COMPARISON WITH POTENTIAL FLOW PREDICTIONS 


FIGURES 18-22 
FIGURES 23-26 
FIGURES 27-35 
FIGURES 36-39 
FIGURES 40-44 
FIGURES 45-52 
FIGURES 53-57 
FIGURES 58-65 
FIGURES 66-69 
FIGURES 72-73 


Figure 17. - Summary of performance curves. 
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high recoveries measured and are well below empirically derived criteria for 
acceptable fan operation, as will be discussed later. 

Although the lowest recovery measured was 0.988, the associated model 
angle of attack (60 degrees) is outside the operating envelope for the V/STOL 
fixed nacelle application, as illustrated in figure 20. This figure presents 
the estimated V/STOL velocity/angle of attack envelope and lines of constant 
total pressure recovery based on measurements at the test data points shown. 

The V/STOL envelope is based on considerations of adverse crosswind velocity 
conditions during hover, as well as aircraft attitudes during transition and 
maneuvering flight modes. As can be noted on the figure, the fan face total 
pressure recovery is not less than 0.994 over the entire operating envelope. 

At hover, with a 35 knot crosswind at 120 degrees angle of attack, where 
engine sizing is influenced by inlet losses, the recovery is not less than 
0.996. 

The solid symbols in figure 20 represent test conditions at which inlet 
flow separation is indicated by the fan face rake. Occurrence of this separa- 
tion is defined here as when any measured total pressure at the fan face 
approaches the measured static pressure. This first occurs adjacent to the 
duct wall at the zero degree rake location (critical at angle of attack). 

Since this separation is very localized at the conditions tested (as will be 
shown in subsequent total pressure profiles) , the levels of average total 
pressure recovery are high and flow distortion low. 

During each test run fan blade stress levels were continuously recorded 
as the fan speed was increased from idle to maximum. Since test procedures 
were such to limit the model angle of attack to the occurrence of separation, 
these stress levels did not exceed a low percentage of the safe operating 
value. Typical traces are shown in figure 21 at the maximum angle of attack 
tested for each tunnel speed. Also, for reference the zero degree angle-of- 
attack data are shown. As can be noted, the stress levels are very low; how- 
ever at the maximum fan speed tested (maximum airflow) the levels are beginning 
to increase. 

Since the measured stress levels are low, allowable inlet operating 
envelopes based on this parameter were not generated. These envelopes, however, 
would be peculiar to the specific fan tested and could not be readily general- 
ized for fans having different structural integrities. 

In addition to the KD2 flow distortion parameter presented in figure 18, 
two alternate parameters , K0 and NDI were calculated and are compared in 
figure 22, again for the maximum angles of attack tested. These parameters 
account for the magnitude and the radial and circumferential extent of the low 
total pressure regions at the fan face and are intended to correlate limits of 
operation with distortion for the fan. The NDI parameter, for example, has 
been employed by General Electric for the TF34 engine. The engine specifica- 
tion (reference 3) stipulates that no engine performance penalties result if 
the index (NDI) is below a value of 0,10, and fan operation is not restricted 
for values below 0.20 (i.e. , a value of 0,20 would dictate the maximum allowable 
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fan speed). As can be noted for the baseline configuration, no values greater 
than 0.03 were calculated over the airflow range associated with high fan 
speeds . 

For the KD2 parameter, data are available (reference 4) indicating the 
tolerance of the Pratt and l^itney TF30 engine. These data show allowable 
levels of distortion of 1240 at zero turbulence decreasing to 380 at a 3 per- 
cent turbulence level, well above the values calculated for the inlet model 
and shown in figure 22. The low levels of flow distortion calculated during 
the test preclude establishing an operating limit (angle of attack/forward 
speed) based on this parameter. 


Effect of Forward Speed 

For a conventional uns lolled- 1 ip inlel the effect of forward speed is to 
improve the total pressure recovery relative to the static condition (referred 
to as clean up). This results from a change in the pattern (direction) of the 
entering streamlines - the cowl surface stagnation point moving from infinity 
at static conditions to some forward location on the cowl depending on the 
forward speed. 

For a slotted-lip inlet operating at a fan face Mach number of 0.52, the 
total pressure recovery is reduced with increasing forward speed, as shown in 
figure 23. This loss is also evidenced by the degradation in the fan face 
total pressure profiles shown in figure 24. As the speed increases, the flow 
enters the slot from a more forward direction, requiring greater turning 
around the slat leading edge and thereby incurring greater losses. The slat/ 
cowl surface pressure distribution, also shown in figure 24, illustrates the 
shift in flow pattern with forward speed. This shift results in increasing 
pressures on the slat *ind decreasing pressures on the cowl as the speed in- 
creases. Tlie reduction in slot flow recovery, as measured by the slot total 
pressure rakes, is shown in figure 25 and as can be noted the level of recovery 
IS consistent with that measured by the f*m face rake in the vicinity of the 
duct wall (figure 24). The change in the flow pattern into the inlet with 
forward speed is illustrated in figure 26 which compares the surface Mach num- 
ber distribution at the zero and 105 knot tunnel speeds. 


Effect of Angle of Attack 

The effect of increasing model angle of attack is to ultimately cause the 
flow to separate from the slat/cowl surface with a corresponding reduction in 
total pressure recovery, as shown in figure 27. At tunnel speeds up to 
35 knots the effective lip contraction ratio is sufficient to preclude flow 
separation up to a model angle of 120 degrees (noted by virtually no loss in 
recovery) . At increasingly higher speeds the angle at which separation occurs 
is reduced, as indicated by the loss in total pressure. The dashed line on 
this figure indicates the maximum angles estimated for the V/STOL fixed nacelle 
operating envelope as previously shown in figure 20. 
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Fan face Mach number = 0 52 
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Figure 23. - Effect of forward speed on total pressure recovery 

of slotted lip inlet, CR=1.2, 0.51 inch slot gap, no spacer. 
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Figure 24. - Effect of forward speed on fan face total pressure profile and slat/cowl 
surface static pressures, CR=1.2, 0.51 inch slot gap, no spacer. 
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Figure 26. - Effect of forward speed on slat/cowl surface Mach number distribution. 
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The loss in inlet recovery with increasing angle of attack is illustrated 
by the fan face total pressure profiles shown in figure 28. As the model 
angle of attack is increased from zero degrees, the direction of the flow into 
the slot on the windward side of the nacelle becomes more aligned to the slot 
opening thus requiring less turning around the slat leading edge. This more 
favorable direction reduces the pressure loss through the slot as indicated by 
the improvement in the measured total pressure adjacent to the wall on the fan 
face rake, (l-R/Rniax)^0-05 . Correspondingly, however, the flow direction 
associated with the higher angles of attack reduces the static pressures on 
the slat below the highlight, resulting in increased local flow separation on 
this surface. The separation is assumed from the loss in recovery as evidenced 
by the fan face rake measurements at a greater distance from the duct wall. 

This is more clearly illustrated in figure 29 at a tunnel speed of 60 knots 
and for a change in angle of attack from 0 to 80 degrees, a condition where 
the slot flow is not separated from the cowl lip. At sufficiently high com- 
binations of speed and angle of attack (e.g. 80 knots/70 degrees) the slot 
flow does separate from the cowl lip as shown by the rake total pressure pro^- 
file in figure 28. 

The improvement in slot flow total pressure recovery with increasing 
angle of attack (until flow separation occurs from the cowl lip) alluded to 
above, was measured by the slot total pressure rake and is presented in 
figure 30. These data also indicate that the recovery is uniform across the 
slot exit width as well as circumferentially around the inlet. Since the area 
convergence through the slot is relatively large (approximately 2 to 1) the 
uniform profile across the slot appears reasonable. It was reasoned above, 
however, that at increasingly high angles of attack the alignment of the flow 
into the slot on the windward side of the nacelle was more favorable thereby 
improving the slot flow recovery. It might be expected, therefore, that on 
the leeward side of the nacelle the flow entering the slot must turn com- 
pletely around the slat leading edge, thereby reducing the recovery compared 
to the windward side, a trend not supported by the uniform recovery data in 
figure 30. It must be considered, however, that at increasing angles of attack 
the static pressure across the slot exit on the leeward side becomes increas- 
ingly more positive thereby reducing the flow through the slot. This reduction 
in flow (and corresponding flow velocity) compensates for the increased turning 
loss around the slat to provide a uniform circumferential total pressure 
recovery through the slot. The increase in static pressure across the slot 
exit on the leeward side is evident from the surface Mach number distribution 
presented in figure 31. 

The fan face total pressure profiles presented thus far are those measured 
by the zero degree rake (critical for separation at angle of attack). 

Figure 32 presents similar data for each of the six rakes installed for sev- 
eral test conditions at maximum fan airflow. These data illustrate the circum- 
ferential loss in freestream total pressure immediately adjacent to the duct 
wall (fan tip) as resulting from the slot and slat cowl surfaces, and the 
localization of high boundary layer loss at high angles of attack to the zero 
degree position (windward nacelle) . 
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CIRCUMFERENTIAL LOCATION OF RAKE 



Figure 32. - Fan face total pressure profiles at maximum angles of attack 
tested, CR = 1.2, 0.51 inch slot gap, no spacer. 
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Figure 32. ~ Fan face total pressure profiles at maximum angles of attack 
tested, CR = 1.2, 0.51 inch slot gap, no spacer. (Concluded) 
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At 35 knots/120 degrees/angle of attack, for example, figure 32 shows 
that the flow on the cowl lip is attached; however, at this high angle the 
flow over the slat on the windward side experiences pressure losses as evi- 
denced by the loss in recovery at (l-R/R^^^) of 0.065. The surface! static 
pressure distributions are presented in figure 33 for the same inlet! andl 
flow conditions as are presented in figure 32. The pressures measured at 
the last two taps at the trailing edge of the slat at » 35 kts., figure 
33(b), are becoming closer as the angle of attack increases. As these two 
pressures approach being equal, the boundary layer approaches incipient sep- 
aration with a concomitant thickening of the boundary layer demonstrated in 
figure 32 at an a = 120®. At the higher tunnel speed of 105 knots and with 
a 60 degree angle of attack the flow separates from the cowl lip on the 
windward side, resulting in the total pressure profile of figure 32. This 
separation is also evidenced by the cowl static pressure distribution of 
figure 33e, whereby the cowl pressures decrease with increasing angle-of- 
attack until at 60 degrees a further reduction cannot be sustained and a 
noticeable change in slope of the adverse pressure gradient occurs. For 
reference, the slat/cowl circumferential surface static pressure distrib- 
utions for this condition are presented in figure 34, and, as expected, 
these pressures become more positive with angular displacement from the 
critical zero degree windward location. Also, for reference, the slot 
flow total pressure recovery for high angle of atttack conditions is shown 
in figure 35. 


Effect of Inlet Flow Velocity Distortion on Fan Performance 

Flow distortion parameters have been developed by the various engine 
manufacturers and correlated to fan blade stress levels of particular engines; 
thereby allowing definition of an operating envelope for the inlet once the 
distortion levels have been defined. These parameters have generally been 
based on the total pressure distortion. 

Because of the static pressure gradient existing, both radially and cir- 
cumferentially, at the fan face during high angles of attack, a velocity dis- 
tortion also exists; causing a change in relative blade angle of attack during 
rotation. This is illustrated by the typical inlet flow velocity distortion 
profiles shown in figure 36. Also shown for comparison are the profiles at 
zero degrees angle of attack. This velocity distortion results in a change 
in effective blade angle of attack, as shown in figure 37. This blade angle 
was calculated from the flow velocity (axial) and the blade velocity (tangen- 
tial) at each probe location. It should be mentioned that crossflows are 
induced by the fan to attempt to obtain a constant flow through each blade 
passage and are not considered in the above calculation. 

The effect of the velocity distortion on the fan performance, i.e. the 
total pressure ratio distribution, is shown in figure 38. Comparison of these 
profiles with the zero degree angle of attack profile shows that the velocity 
distortion carries through the fan to some extent. However, it is also inter- 
esting to note in figure 39 that the average fan total pressure is not 
affected by the distortion. This result appears consistent with the criteria 
of using a total pressure distortion parameter to specify engine operating 
limits, since the total pressure distortion was also very low. 
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Figure 33(a)* - Slot/cowl surface static pressurt 
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Figure 35. - Slot flow total pressure recovery, 

CR=1.2, 0.51 inch slot gap, no spacer. 
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Effect of Slat Contraction Ratio 


The alternate slat configuration tested had a lip contraction ratio of 
1.3, resulting in a larger turning radius for the internal flow at the expense 
of increased external highlight to maximum diameter ratio (for the same maxi- 
mum area) . The measured recoveries for this configuration are shown in 
figure 40 as a function of inlet airflow ratio and are summarized relative to 
the estimated V/STOh operating envelope in figure 41 for maximum airflows 
tested . 

Comparing these data with those obtained with the 1.2 contraction ratio 
slat (figure 42) verifies the expected result of improved total pressure 
recovery with increased contraction ratio. At forward speeds less than 
60 knots, where separation is not evident for either contraction ratio, this 
improvement is minimal. At the higher speeds, however, higher angles of 
attack were attained with the 1.3 contraction ratio slat before the onset of 
flow separation. Conversely, at the same tunnel speed/angle of attack condi- 
tion a higher recovery was measured. The flow separation envelopes for these 
configurations are discussed later. 

Figure 43 compares the zero degree rake total pressure profiles for the 
two contraction ratio slats at identical operating conditions. The 1.3 
contraction ratio slat results in a higher measured total pressure at a dis- 
tance from the duct wall of 1 -R/RmAX ” 0.07, where the profile reflects the 
flow conditions over the slat. Also, at a forward speed of 105 knots the 
total pressures ad]acent to the duct wall arc higher for the larger con- 
traction ratio slat, indicating a loss pronounced separation over the cowl 
lip compared to that with the smaller contraction ratio slat. This results 
from the influence of the flow from the slat trailing edge on the flow 
through the slot. As the flow from the slat trailing edge becomes less 
axially-directed, through separation effects, the pressure gradient acting 
to help turn the slot flow aft is reduced and local flow separation on the 
cowl lip increases. The typical effect of the slat larger turning radius on 
the surface static pressure distributions is shown in figure 44. For the 
1.3 contraction ratio slat, the minimum pressure occurs at the highlight; 
resulting from the sharper surface curvature employed external to the high- 
light to maintain the same maximum diameter of the inlet model. 


Effect of Slot Gap Width 


The model hardware was designed such that the slat could be moved fore 
and aft to investigate the effect of the slot-gap width on performance. For 
no gap, as simulated with the 360 degree slot filler blocks, the entire inlet/ 
fan airflow is accommodated by the slat lip. As the slat is moved forward, 
allowing a portion of the fan fiow to pass through the slot, the flow over 
the slat becomes less susceptible to flow separation since the pressure 
loading on the slat is reduced. However the flow over the cowl lip becomes 
more susceptible to flow separation since it becomes more heavily loaded. 
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Figure 40. - Inlet total pressure recovery and flow distortion, 
CR-1.3, 0.51 inch slot gap, no spacer. 
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Figure 41. - Total pressure recovery summary over inlet operating 
envelope, CR=1.3, 0.51 inch slot gap, no spacer. 
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on slat/cowl surface static pressure distribution. 



The effect of slot t;ap width on total pressure recovery is presented in 
figure 45 for the 1.2 contr«iction ratio slat and for each of the tunnel speeds 
tested. Considering the V/STOL operating envelope, the slot provides the most 
benefit at the 35 knot/ 120 degree angle of attack condition; with an optimum 
slot width at approximately 0.36 inches. As can be noted, the slot improves 
the total pressure recovery by almost 2 percent over the no-slot configuration. 
If the angle-of-attack requirement was to increase at the high speeds, this 
benefit would be more significant because of flow separation effects. 

At the higher forward speeds (greater than 60 knots) figure 45 shows that 
the higher fan face total pressure recovery occurs with a slot gap width of 
approximately 0.36. The degradation in recovery with increasingly greater gap 
distances is also verified by the data in figure 46, for which the 4 inch 
throat/fan spacer was installed, and also for the 1.3 contraction ratio slat 
in figure 47. 

Based on the criteria that flow separation occurs at a fixed value of 
peak surface velocity or Mach number, the most optimum slot gap width exists 
where both the slat <\m\ cowl lips iire equally loaded, i.e., the peak pressures 
are the same. Figure 48 comp.ires Llu'se pressures at the static condition 
for a Vtiriatlon in gap widlli with the 4 inch throat/fan spacer Installed. 

It is clearly seen that as the gap width is increased the pressure loading de- 
creases on the slat and increases on the cowl; with equal loading occurring at 
a gap width of 0.25 inches. At this condition the loading is relatively low, 
however, resulting in maximum surface Mach numbers of 0.72. Similar data are 
presented for the high speed/high angle of attack condition in figure 49, 
along with the zero degree rake total pressure profiles. At increasing gap 
widths the slat pressure loading xs reduced, however unlike the data for the 
static condition in figure 48 flow separation eventually occurs on the cowl 
as evidenced by both the total pressure profile and the absence of increasingly 
lower minimum peak pressures on the surface. Similar data are presented in 
figures 50 and 51 for each contraction ratio slat with no throat/fan spacer 
installed- Also shown in figure 52 is the slot flow total pressure recovery 
for these configurations. 


Effect of Fan Throat Spacer 


Provisions were made to displace the inlet throat forward of the fan face 
by installation of 2 and 4 inch length constant area spacers. The effect of 
these spacers is to reduce the favorable "pumping action" (or upstream, 
influence) of the fan and the effect of the spinner on the lip static pressure 
distribution, particularly with regard to keeping the flow attached. Also, 
the spacers provide a duct section forward of the fan face that allows re- 
attachment of locally separated lip flow. These effects can be discerned from 
the fan face total pressure recovery plots in figures 53 and 54 which show the 
recovery with and without the spacers installed as a function of fan face Mach 
number for various operating conditions. 
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Figure 46. - Effect of slot gap width o: 
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Figure 47. 
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Figure 50. - Effect of slot gap width on fan face total pressure profile 
and slat/cowl surface static pressures, CR=1.2, no spacer. 
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Figure 52. Effect of slot gap width on slot gap total pressure recovery 
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Figure 53. - Effect of fan face Mach number on total pressure 

recovery with throat/fan face spacers installed, CR=1.2 
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At combLnatLons of tunnel velocity and model angle of attack where flow 
separation does not exist (all tunnel velocities at zero angle of attack) the 
recovery is slightly lower with the spacers installed due to additional wetted 
surface (friction losses). At higher angles of attack and tunnel speed, how- 
ever, flow separation occurs on the slat/cowl lip and therefore, the recovery 
is largely dependent on the strength of the fan pumping action (affected by 
fan speed and proximity to the inlet throat). With no spacer installed, the 
data at 105 knots/50 degree angle-of-attack in figure 53 shows a loss in 
recovery of approximately 1 percent at the low fan speed resulting from flow 
separation. As the fan speed and inlet airflow increases, the pumping action 
of the fan located at the throat, reduces the flow separation and roughly 
halves the recovery loss at the maximum fan speed tested. With the 4 inch 
spacer installed the trend is exactly opposite. At the low fan speeds the 
duct length allows re-attachment of the separated flow with a resulting recov- 
ery loss of only 0.3 percent. At higher fan speeds, however, the pumping 
action of the fan is not felt because of the fan face displacement. Alsowith 
increased surface velocities, resulting from the increased airflow, flow 
separation is encountered which increases the recovery loss to approximately 
0.8 percent at the maximum fan speed tested. Figure 55 compares the fan face 
total pressure profiles and slat/cowl surface static pressure distributions 
with and without the spacers installed, illustrating the above discussion. 

Also the total pressure recovery at a tunnel speed of 105 knots is presented 
in figure 56 as a function of spacer length for several fan face Mach numbers. 
As shown in this figure the inlet thro<it/fan face spacer has relatively little 
effect on the fan-face total pressure recovery, especially at low angles of 
att*ick. At high angles ol attack, where the flow Is more likely to separate, 
the fan face total pressure recovery increases slightly at low fan speeds 
where the pumping action is small. Evidently, adding length between the 
throat and fan face allows the flow to reattach ahead of the fan-face which 
more than compensates for any recovery reduction associated with spinner 
location. 

As discussed previously a significant potential flow velocity distortion 
occurs at the inlet throat under high angle of attack conditions. The effect 
of the constant area duct section provided by the spacer is such to reduce 
this velocity distortion as shown in figure 57. However, as was also dis- 
cussed earlier this distortion did not affect the fan performance and is ex- 
pected to have less of an effect on the higher pressure ratio fans being con- 
sidered for V/STOL applications. 


Effect of Slot Gap Fillers on Performance 


During the V/STOL aircraft studies at Lockheed twin engine pods were con- 
sidered for a four engine configuration. The effect of two adjacent nacelles 
is to essentially block a 90 degree sector over which the slot is effective. 

To simulate this effect during the program, 90 degree slot fillers were 
installed and tested. Since the direction of the tunnel flow relative to the 
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Figure 55. - Effect of throat/fan spacer on fan-inlet perfomance 
CR=1.2, 0.36 inch slot gap. (Concluded.) 
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Figure 56, - Effect of inlet throat/fan face spacer on fan face total 
pressure recovery, CR=1.2, 0.36 inch slot gap, 105 knots 











model was fixed, the fillers were installed in two separate locations. The 
first location was at the bottom of the inlet with the filler extending circum- 
ferentially from 45 degrees to 135 degrees and relative to the tunnel flow 
represented an angle of attack condition of the aircraft. The second location 
was at 180 degrees, directly opposite the tunnel flow direction and extending 
from 135 degrees to 225 degrees and represented a crosswind condition of the 
aircraft. 

Eliminating a 90 degree sector of the slot in the locations described 
«ibove has essentially no effect on the fan face total pressure recovery as 
shown in figures 58 and 59. Witli the filler in the 45-135 degree location the 
sKit/cowl surface stiitic pressures vire only slightly reduced as shown typically 
in figure bO for the 80 Unot/40 degree .ingle of .ittack condition. For the 
filler installed in the 1 35-225 degree location, however, the static pressures 
on the slat are more signif leant ly reduced compared to the no-filler configura- 
tion ns shown in figure 61. For reference, the fan face rake total pressure 
profiles are shown with and without each of the fillers installed in figures 62 
through 65. 


Flow Separation and Inlet Operating Limits 


Flow separation occurs from the inlet surface under conditions of adverse 
pressure gradient /high^ local surface velocities (or Mach number). As the 
inlet airflow or fan face Mach number increases there is a proportional 
increase in the local surface Mach number (potential flow). Also, as the 
angle of the flow into tlie inlet increases from the forward direction (result- 
ing from model angle of attack), the reduced static pressures on the internal 
lip surface on the windward side of the nacelle increase the local Mach number 
further. 


For the zero-length, slotted-lip inlet tested, flow separation was 
observed, as discussed previously, at maximum fan airflow for various combina- 
tions of tunnel velocity and model angle of attack. For the baseline config- 
uration these separation points have been identified in figure 20. 

The onset of flow separation was determined using the total pressure 
profiles as measured by the fan face rakes and, in particular, the critical 
zero degree rake. Separation was interpreted to affect inlet and fan perfor- 
mance when the total pressure measurement adjacent to the duct wall reached 
the wall static pressure measurement or when the total pressure profile ex- 
hibited a significant reversal in shape. Since the flow in this region is 
basically from the slot passage, the definition reflects separation from the 
cowl lip. It has been observed, however, that when the flow separates from 
the slat and remains attached to the cowl lip (such as shown by the total 
pressure profile in figure 32 and the corresponding static pressure distri- 
bution in figure 33b) the flow at the fan face wall remains attached. Because 
of the slot flow the separation of flow off the slat is confined to a small 
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Figure 65. - Effect of 135-225 degree slot filler on 

total pressure profiles, maximum velocity 
CR=1.2, 0.51 inch slot gap, no spacer, 
Vo=105 Knots, a =60°, Mp=0.52. 






area at the fan face. Tlio low energy flow associated with the separation is 
energized rapidly because of the mixing that takes place on each side of the 
region . 

Inlet operating limits, velocity/angle of attack, can be established based 
on the onset of flow separation. These limits will be somewhat conservative 
compared to limits based on fan blade stress levels. However, once flow sep- 
aration has been initiated, it is considered that only small increases in 
speed/angle of attack are sufficient to reach the limit stress levels. Further- 
more, some margin is desirous to insure satisfactory operation at the required 
design point. 

During the test, angles of attack have been identified where flow separa- 
tion is observed. Since discrete angles were tested, however, the angle for 
actual onset of separation is somewhat less than those identified. It has 
been shown in reference 2 that the maximum surface Mach number can be used as 
criteria for the onset of lip separation. Curves showing the maximum surface 
Mach numbers obtained on the model have been plotted, as shown typically in 
figure 66 for the baseline configuration. Since the static pressure taps were 
located at discrete intervals on the surface, higher local values of Mach num- 
ber may have occurred between the measurements. Referring to figure 66, as 
the angle of attack increases for each tunnel speed the maximum surface Mach 
number increases until flow separation occurs, noted by the abrupt change in 
slope of the curve. 

To establish limit angles for each tunnel speed, the segment of the Mach 
number curves prior to a change in slope (attached flow) were extrapolated, as 
shown in figure 66 to a maximum value consistent with not exceeding those 
angles of attack identified with separation from the total pressure profiles. 
This maximum value of Mach number was then used as a limiting value to deter- 
mine the maximum angle for each tunnel speed. For the baseline configuration, 
for example, a maximum surface Mach number of 1.3 was selected as shown in 
figure 66. The intersection of this value and the extrapolated curves result 
in angles that do not exceed those for which separation has been identified 
in figure 28. Similar procedures were used for the other slot-gap settings 
and the resulting limiting envelope curves presented in figures 67 and 68 for 
the 1.2 and 1.3 contraction ratio lips, respectively. 

It should be mentioned that this procedure is not entirely rigorous but 
does provide a conservative estimate of the speed/angle of attack limitation 
for the inlet based on the test data. It should also be re-iterated that the 
limits are based on observed separation at the fan face rake, whereas localized 
separation on the slat/cowl exists at less stringent conditions. 

In addition to obtaining flow separation at high speeds and high angles 
of attack (just described) this phenomenon also occurred to some extent at the 
very low engine airflows (associated with idle powers) and with very high model 
angles of attack. At low airflows (low fan speeds) the fan does not provide a 
favorable pumping effect on the inlet lip and flow separation ensues. As the 
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Figure 67. - Inlet angle of attack for flow separation, CR=1.2. 
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fan speed and pumping effect increase, the separation is reduced and an 
improvement in recovery is obtained. The fan face total pressure ])roflle and 
surface static pressure distributions in figure 69 illustrate the low airflow 
separation as well as the re-attachment as the flow is increased. At these 
conditions the measured blade stress levels were very low as would be expected 
with the low fan speeds. Also, as mentioned previously, these operating con- 
ditions are not primarily of interest for the V/STOL application. 

Wlien discussing experimental inlet performance, it is convenient to pre- 
sent the data in figure 67 in the form of the angle of attack limit of the 
inlet as a function of the fan face Mach number for a given value of free- 
stream velocity as in figure 70. There are two regions presented. One of 
these is the fan operating region. The upper boundary of the fan operating 
region represents the inlet angle of attack requirement for a fixed nacelle 
configuration represented by the dotted curve in figure 20. For comparison, 
figure 70 is annotated with inlet angle of attack requirements for a tilt 
nacelle and tilt nacelle with nozzle vanes. The side boundaries of the fan 
operating region are determined by the operating range of the fan jet engine, 
that is, from full to part throttle as shown. The inlet must provide a steady 
supply of air to the fan at high pressure recovery and low distortion. For 
the inlet to achieve these high performance goals the flow must not separate. 

The second region is bounded by the separation bound of the inlet with 
a 1.2 contraction ratio slat represented by the solid and dashed curve in 
figure 70. The area of the figure that lies below the inlet curve represents 
conditions for attached flow; the area above the curve represents conditions 
for separated flow. The inlet flow is fully attached between the two data 
points. This configuration was not tested at 90° angle of attack. If the 
flow separates off the walls of the main cowl where the surface is wetted by 
air ingested into the inlet and to a lesser extent off the slat surfaces, the 
pressure recovery decreases and this would in turn reduce thrust; concomitantly 
the accompanying distortion increases would increase fan blade stresses. The 
inlet must be designed with the idea of preventing boundary layer separation. 
This is done by keeping the surface velocities as low as possible. It can be 
seen from the figure that the inlet meets the requirements of a fixed nacelle 
at 80 kts but does not meet the requirements of a simple tilt nacelle during 
full throttle operation. At part throttle conditions there is no difficulty 
with fan operation. Further testing would be required to determine if the 
1.2 contraction ratio slat would satisfy the fan requirements of the tilt 
nacelle with a nozzle vane. 

There are different phenomena responsible for the inlet separation of 
each branch of the inlet curve. The boundary layer separation on the branch 
of the curve to the left is caused by adverse pressure gradients due to 
decelerating the local surface velocity. This cause of separation has been 
labeled "diffusion-limit separation." The boundary layer separation on the 
right branch of the inlet curve is caused by standing shock waves located at 
the inlet wall surface. As the surface Mach number becomes supersonic and a 
certain limit is reached, a shock is formed that separates the boundary layer. 
This limit has been labeled the "Mach number limit." The right side of the 
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Figure 70. - Estimated angle-of~attack separation bounds, 

CR=1.2, 80 knots, 0.36 inch slot gap, no spacer. 
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inlet separation bounds curve or Mach number limit boundary does not satisfy 
the fan requirements for a tilt nacelle configuration. This suggests the use 
of a higher contraction ratio siat. 

The flow separation boundary curve for the 1.3 contraction ratio is 
presented in figure 71 where the separation bounds has changed to a higher 
angle of attack. It appears that the 1.3 contraction ratio slat would (1) 
marginally satisfy the tilt nacelle fan requirements and (2) easily satisfy 
the tilt nacelle with nozzle vane fan requirements even up to 100% fan speed. 


Comparison of Surface Velocity Distributions with Potential Flow 


During the model configuration development phase of the program, potential 
flow solutions for the slat/cowl surface velocity distributions were obtained 
by NASA-LeRC for several configuration variables (contraction ratio, slot gap 
width, etc). The velocity distributions calculated by the measured static 
pressures during the test are compared to these predictions in figures 72 and 
73 at static operating conditions. Excellent agreement between these data are 
obtained on the cowl surface. On the slat surface agreement is good, however, 
below the highlight tlie predicted velocities are slightly higher than those 
calculated from the test dalti. During the test, however, it was noted that 
because of the fan/turbine exhaust flow an ejector type pumping action induced 
some tunnel flow velocity (approximately 27 ft/sec), and therefore the true 
static condition was not simulated. Subsequently, additional potential flow 
solutions were generated using the freestream velocity measured during the 
test. These results, shown as the dashed lines in figure 73 indicate the 
effect of tunnel speed to only slightly better approximate the test data. 


CONCLUSIONS 


The following conclusions regarding the application of zero-length, 
slotted-lip inlets to subsonic military aircraft were derived from the test 
data of this program. 

Zero-length, slotted-lip inlets are suitable for most subsonic military 
aircraft where the minimum inlet length is not constrained by acoustic treat- 
ment considerations. The inlet is particularly well suited for V/STOL aircraft 
where large inlet lip contraction ratios are required. For a tilt nacelle type 
V/STOL aircraft, the reduction in inlet lip contraction ratio in going from a 
long conventional axisymmetric inlet to a zero- length, slotted-lip inlet is 
sufficient not only to compensate for an increase in throat area but also to 
allow for a reduction in maximum cowl radius. Even for a fixed nacelle type 
V/STOL aircraft, a sizable reduction in inlet length can be obtained without 
adversely affecting the maximum cowl radius. 
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Figure 71. - Estimated angle-of-attack separation bounds, 

CR=1.3, 80 knots, 0.36 inch slot gap, no spacer. 
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Figure 72. - Comparison of slat/cowl measured surface static 

pressures with potential flow predictions, CR=1.3. 
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Figure 73. - Comparison of slat/cowl measured surface static 

pressures uith potential flow predictions, CR=1.2. 



Tlie model tests in the NASA-LeRC 9-by 15-foot low speed tunnel indicate 
that zero length, slotted-lip inlets having 1.2 and 1.3 contraction ratio 
slats satisfy all critical low-speed inlet operating requirements for V/STOL 
aircraft with fixed nacelles and tilt nacelles with nozzle vanes, respectively. 
The fan face total pressure distortions and fan blade vibratory stresses were 
extremely low for both types of V/STOL aircraft, and the maximum total pressure 
recovery loss for all conditions within the operating envelopes was less than 
one percent. 

The inlet performance me.isured during the test was dependent on slot gap 
width and relatively independent of inlet throat/fan face spacer length and 
slot flow blockage created by 90 degree slot fillers. Optimum performance was 
obtained at a slot gap width of 0.36 inches. The spacers were effective in 
reducing potential t low distortion, although this type of distortion did not 
have an adverse effect on the fan simulator. The negligible effect of the slot 
fillers on inlel perlormaiue indicates that good inlet performance could also 
be obttiined lor a Siamese inlet a rr.ingement . 
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